1. Introduction. In the 20 years since the introduction of DNA profiles for forensic identification there has developed a wide-spread belief that it is unlikely two people will share the same profile. Assuming at least 10 alleles or 55 genotypes at each locus, a 13-locus system in common use allows for at least 10 21 different profiles, which far exceeds the total number of people in the world. It is difficult to attach a meaningful estimate to the probability that a person chosen at random would have a particular profile, but a good first step is to assume independence of all (26) alleles in a profile to arrive at an estimate that "reaches a figure altogether beyond the range of the imagination" in the language Galton (1892) used to describe probabilities for fingerprints. Given such arguments, what is to be made of recent findings that the profiles of two people in a database of offender profiles either match or come very close to matching? Is there a need to re-think the understanding that profiles are rare?
There are forensic, statistical and genetic aspects to discussions of profile rarity. The key forensic issue centers on the comparison of two profiles, often one from a crime-scene sample and one from a suspect. The relevant calculations must recognize the existence of two profiles rather than focusing on only one of them. The statistical aspects are addressed initially by the "Birthday Problem." The probability that a person chosen randomly has a particular birthday is 1/365, ignoring leap-year complications, but there 2. Forensic issues. The interpretation of DNA forensic evidence E requires the probabilities of that evidence under alternative hypotheses, referred to here as H p and H d for the case where they represent the views of prosecution and defense in a criminal trial. A simple scenario is when the profile G C of a crime-scene stain matches that, G S , of a suspect. The hypotheses may be as follows:
H p : the suspect is the source of the crime-scene stain.
H d : the suspect is not the source of the crime-scene stain.
A quantity of interest to those charged with making a decision is the posterior odds of the prosecution hypothesis after the finding of matching DNA profiles:
From Bayes' theorem,
Posterior odds = LR × Prior odds and it is the likelihood ratio LR that is estimated by forensic scientists. In paternity disputes this quantity is called the paternity index. Those who equate Pr(E|H p ) and Pr(H p |E), as in "The odds were billions to one that the blood found at the scene was not O.J.s" [Anonymous (1997) ], are said to have committed the "Prosecutor's Fallacy" [Thompson and Schumann (1987) ].
The likelihood ratio for a single-contributor DNA profile can be expressed as
by recognizing that the crime-scene stain profile does not depend on the alternative hypotheses and that the two profiles must match under the prosecution hypothesis. Among the many advantages of adopting this approach to comparing competing hypotheses is the clarification that it is match probabilities Pr(G S |G C ) for profiles from two people that are relevant rather than profile probabilities Pr(G S ). In the discussion of matching profiles in a database, G C and G S can refer to the profiles from different people and the issue is whether or not matching is unlikely.
3. Statistical issues. Diaconis and Mosteller (1989) discussed basic statistical techniques for studying coincidences and stated the law of truly large numbers: "With a large enough sample, any outrageous thing is likely to happen." Can we attach probabilities for very unlikely events to occur? In the forensic context, Kingston (1965) addressed match probabilities long before the advent of DNA profiling. If a particular item of evidence has a probability P , then he assumed that the unknown number x of occurrences of the profile in a large population of N people is Poisson with parameter λ = N P . Suppose a person with the particular profile commits a crime, leaves evidence with that profile at the scene, and then rejoins the population. A person with the profile is subsequently found in the population and a simple model says that the probability that this suspect is the perpetrator is 1/x. Although x is not known, it must be at least one, so the probability that the correct person has been identified is the expected value of 1/x given that x ≥ 1. Those people who would equate x to its expected value λ and then assign equal probabilities to all λ people are said to have committed the "Defense Attorney's Fallacy" [Thompson and Schumann (1987) ]. Balding and Donnelly (1995) , referring to Eggleston (1983) and Lenth (1986) , pointed out that Kingston's conditioning on at least one individual having the profile is not the same as the correct conditioning, that a specific individual (the suspect) has the profile. They gave a general treatment of this "island problem" and then Balding (1999) followed with a discussion of uniqueness of DNA profiles. He started with the event that a person (the perpetrator) sampled at random from a population of size (N + 1) has a particular profile. The remaining people in the population each have independent probability P of having the same profile. A second person (the suspect) is drawn from the population and may be the same person as the first (event G). The second person is found to have the same profile as the first (event E). If U is the event that the suspect has the profile and that no-one else in the population has the profile, then Pr(U |E) = Pr(U |G, E) Pr(G|E). Now Pr(G|E) = Pr(E|G) Pr(G)/[Pr(E|G) Pr(G)+Pr(E|Ḡ) Pr(Ḡ)] by Bayes' theorem, and Pr(E|G) = 1, Pr(E|Ḡ) = P , Pr(G) = 1/(N + 1). Moreover, for independent profiles, Pr(U |G, E) = (1 − P ) N so that Pr(U |E) > 1 − 2λ. For the USA, with a population of about 3 × 10 8 , a profile with a probability of 10 −10 would give λ = 0.03 and the probability that the correct person has been identified of at least 0.94. This is not as dramatic a number as the original 10 −10 .
The birthday problem has to do with multiple occurrences of any profile, not a particular profile as treated by Kingston and Balding. Mosteller (1962) refers to the latter as the "birthmate problem." The probability that at least two of a sample of n people have the same unspecified birthday (or DNA profile), in the case where every birthday (or profile) has the same probability P , is Pr(At least one match) = 1 − Pr(No matches)
For the USA example of P = 10 −10 , the chance of some profile being replicated in the population of N = 3 × 10 8 is essentially 100%. The Arizona Department of Public Safety [Troyer, Gilroy and Koeneman (2001) ] reported a nine-locus match in a database of 65,493 for a profile that had an estimated probability of 1 in 7.54 × 10 8 . Using that probability, the chance of finding two matching profiles in the database would be about 94%, so the finding is not unexpected. DNA profiles do not have equal or independent probabilities, however, so these calculations are approximate at best.
4. Genetic issues. DNA profiles are genetic entities and, as such, are shaped by the evolutionary history of a population. Whereas it is sufficient to take samples from a population to provide descriptive statistics of that particular population, predictions of matching probabilities that recognize evolutionary events are necessarily expectations over replicate populations. There is no reason to believe that a particular population has properties that are at expectation.
As a simple example, consider the estimation of profile probabilities at a single locus A. If a sample of n genotypes provides estimatesp i for the frequencies p i of alleles A i , then genotypic frequency estimates arep 2 i for homozygotes A i A i and 2p ipj for heterozygotes A i A j under the assumption of random mating within the population. Taking expectations of these estimates, over repeated samples from the same population and over replicates of the sampled population, provides Weir (1996) ] to introduce the population coancestry coefficient θ which measures the relationship between pairs of alleles within a population relative to the relationship of alleles between populations. To illustrate the meaning of "relative to" consider a fanciful example of a large community of people, all of whom are first cousins to each other. If these people pair at random, their children will form a population in which genotypic frequencies are products of allele frequencies. A child's two alleles, one from each parent, are independent. From the perspective of an observer outside the community, however, the allele pairs within the community appear to be dependent, with θ = 1/16. This value of θ is needed to predict genotypic frequencies for the community children on the basis of population-wide allele frequencies. For large sample sizes, the expected genotypic frequencies reduce to the parametric values p 2 i + p i (1 − p i )θ and 2p i p j (1 − θ). The sample allele frequenciesp i are unbiased for the parametric values p i and θ is serving to provide the variance of the sample values-in particular, p i (1 − p i )θ is the variance over populations of allele frequencies within one population. In the situation where alleles are selectively neutral, it is convenient to regard θ as the probability that a random pair of alleles in the same population are identical by descent, ibd, meaning that they have both descended from the same ancestral allele. Identity by descent is also an expectation over replicate populations.
The probabilities of pairs of genotypes require measures of relationship analogous to θ but for up to four alleles. Two individuals that are both homozygous A i A i for the same allelic type, for example, may carry two, three, four or two pairs of alleles that are ibd. For the class of evolutionary models where there is stationarity under the opposing forces of mutation introducing genetic variation and genetic drift causing variation to be lost, and allelic exchangeability, these higher-order ibd probabilities may all be expressed in terms of θ. The distribution of allele frequencies over replicate populations is Dirichlet for this class of models and a very useful consequence is that the probability of drawing an allele of type A i from a population given that n i of the previous n alleles drawn were of that type is [ [Balding and Nichols (1997) ]. This provides, for example, 6 B. S. WEIR the probability of two members of the same population being homozygotes
From this and similar expressions for other genotypes, it is possible to predict the probability that two members of a population will match, that is, have the same two alleles at a locus [Weir (2004) ],
The first line specifies the genotypes, the second shows the corresponding sets of alleles, and the third shows the value from the Dirichlet assumption. Random mating is assumed for the second line. The third line employs the notation S k = i p k i , k = 2, 3, 4, and D = (1 + θ)(1 + 2θ). Partial matches occur when two individuals share one allele at a locus, rather than the two required for a match. As Diaconis and Mosteller (1989) said: "We often find 'near' coincidences surprising." The probability that two individuals partially match is
with the same meaning for the three rows as for P 2 . Finally, for two individuals to mismatch, that is, have no alleles in common,
Values of P 2 are shown in Table 1 for 13 commonly-used forensic loci, using Caucasian allele frequencies reported by Budowle and Moretti (1999) and various values of θ. Assuming independence of these loci, the full 13-locus match probabilities are the products of the 13 separate values and these products are also shown in Table 1 . The probabilities of finding at least one matching pair among 65,493 individuals are given in Table 1 , along with the sample size needed to give a 50% probability of at least one match. The column headed "Actual" shows the proportion of pairs of profiles that match at each locus in the very small sample of 203 Caucasian profiles reported by the FBI [Budowle and Moretti (1999) ].
The finding of Troyer, Gilroy and Koeneman (2001) was for a pair of profiles that matched at nine loci, partially matched at three loci and mismatched at one locus. It is shown in Table 2 that, in fact, 163 such pairs of individuals are expected when loci are assumed to be independent and θ = 0.03. This value of θ has been suggested as a very conservative value to use for forensic calculations [National Research Council (1996) ], and Table  1 shows that value makes all 13 predicted match probabilities greater than FBI observed values. It would be of interest to examine the dataset of Troyer, Gilroy and Koeneman (2001) to see the level of agreement between observed and expected numbers of matches and partial matches. Weir (2004) was able to examine an Australian dataset of 15,000 profiles and showed (Table 4) very good agreement when θ was set to 0.001. The agreement was not as good when θ was set to zero. Table 3 shows observed and expected numbers of match/partial match combinations for the Caucasian data of Budowle and Moretti (1999) . The sample size is too small to have more than six loci with matches and is really too small to allow strong conclusions about the role of θ to be made. This example shows good overall agreement between observed and expected values for θ = 0. Examination of actual offender datasets is needed.
It is clear, however, that instances of matching and partially matching profiles are not unexpected in offender databases.
Effect of relatives.
The previous results accommodated the effects of shared evolutionary history on the probabilities that two individuals have Table 1 Probabilities that two unrelated noninbred 1 people match at common loci, based on allele frequencies reported by Budowle and Moretti (1999) Budowle and Moretti (1999) . 3 Probability of at least one matching pair among 65,493 individuals. 4 Sample size to give 50% probability of at least one match. Table 3 Observed and expected numbers of profiles with specified numbers of matching or partially loci when all 94 profiles in a dataset of Budowle and Moretti (1999) assuming random mating within a population so there is no inbreeding, requires the probabilities k 2 , k 1 , k 0 that the individuals have received 2, 1 or 0 pairs of alleles identical by descent from their immediate family ancestors. Values for these probabilities for common relationships are shown in Table 4 . Individuals that share two pairs of ibd alleles must have matching genotypes. Those that share one pair of alleles ibd may either match or partially match, and individuals with no ibd allele sharing may match, partially match or mismatch. Therefore, the probabilities that two individuals match, partially match or mismatch at one locus are
Equivalent results were given by Fung, Carracedo and Hu (2003) . Numerical values for the matching probabilities for the 13-locus system described in Table 1 are shown in Table 5 for common relationships. Clearly, the probabilities increase with the degree of relationship. Pairs of relatives with related common ancestors within their family are inbred, and the three ibd probabilities k 2 , k 1 , k 0 must be replaced by a more extensive set of nine probabilities ∆ i , i = 1, 2, . . . , 9, for the various patterns of ibd among all four alleles carried by the two relatives [Weir, Anderson and Hepler (2006) ]. These are defined in Table 6 , along with numerical values for the situation of full sibs whose parents are first cousins. The various matching probabilities become 
Relatedness will increase the probability that two individuals will have matching or partially matching DNA profiles and it would not be surprising if very large offender databases had profiles from related people. It is difficult, however, to turn the question around and infer relatedness of people whose profiles have a high degree of matching. The current set of less than 20 STR loci is not enough to give good estimates of the degree of relatedness [Weir, Anderson and Hepler (2006) ], and even unrelated people can have very similar profiles.
6. Discussion. DNA profiling has proven to be a powerful tool for human identification in forensic and other contexts. Different people, identical twins excepted, have different genetic constitutions and it is hoped that an examination of a small portion of these constitutions will allow for identification or differentiation. Current forensic DNA profiling techniques examine between 10 and 20 regions of the genome, representing of the order of 10 3 of the 10 9 nucleotides in the complete genome. Nevertheless, the probability that a randomly chosen person has a particular forensic profile can easily reach the small value of 10 −10 . Even when the forensic scientist is careful to present probabilities in the preferred format such as "the probability of a person having this profile given that we know the perpetrator has the profile," the numbers remain small and the evidence that a defendant also has that profile can be compelling.
Given the widespread belief that specific forensic profiles are rare, there has been some concern expressed at the finding of matching or nearly matching profiles in databases of less than 100,000. Such findings were predicted by Weir (2004) , unaware that they had already been reported [Troyer, Gilroy and Koeneman (2001) ] for the case of two profiles matching at nine of 13 loci. At the simplest level, the apparent discrepancy is merely an application of the birthday problem. If all DNA profiles have the same probability P , and if profiles are independent, then the probability of at least two instances of any profile in a set of n profiles is approximately 1 − exp(−n 2 P/2). This probability can be large even for small P and it can be 50% when n is of This note has looked a little more closely at the probability of finding matching profiles in a database. The first observation was that DNA profiles are genetic entities with evolutionary histories that impose dependencies among profiles. The formulation of dependencies was made for single loci, but there is empirical evidence [Weir (2004) , Figure 1 ] that sufficiently large "correction" for dependencies within loci will also accommodate betweenlocus dependencies. This means taking sufficiently large values of the parameter θ.
Incorporation of "θ-corrections" for the case of unrelated individuals refers to the dependencies generated by the evolutionary process. These would not be detected from observations taken solely within a population, but they are necessary to enable predictions to be made. Predictions need to take variation among populations into account. Additional dependencies due to nonrandom mating, leading to within-population inbreeding, were considered by Ayres and Overall (1999) .
